Abstract Lentiviral transduction of oocytes or early embryos is an efficient strategy to generate transgenic rodents and livestock. We evaluated laser-based microdrilling (MD) of the zona pellucida, which is a physical barrier for viral infection, and subsequent incubation in virus suspension as a new route for lentiviral transgenesis in bovine. Lentiviral vectors carrying an eGFP expression cassette were used to transduce oocytes or zygotes after MD as compared to the established subzonal virus injection technique (MI). The type of manipulation (MD vs. MI) did not affect cleavage rates, but had a significant effect on blastocyst rates (P < 0.001). MI of virus or sham-MI (buffer) resulted in higher blastocyst rates as compared to MD, both in the oocyte and zygote treatment groups. The latter exhibited higher rates of early cleavage (P < 0.05) and blastocyst rates (P < 0.01). The proportion of eGFP expressing blastocysts was higher after infection of oocytes (MD: 44 -9%; MI: 67 -8%) than after infection of zygotes (MD: 26 -8%; MI: 26 -9%). Overall efficacy (eGFPpositive blastocysts per treated oocytes or zygotes) was highest after MI of oocytes (18 -2%). Our study demonstrates the feasibility of laser-assisted lentiviral gene transfer into bovine oocytes and zygotes. However, further optimization of the procedure is required, mainly to reduce the incidence of polyspermy after MD of oocytes and to eliminate negative effects of MD on early embryonic development.
Introduction
Recent publications have shown that lentiviral vectors are highly efficient for the generation of transgenic mammals (for review see Pfeifer, 2004) , such as mouse (Lois et al. 2002; Pfeifer et al. 2002) , rat (Nakagawa et al. 2005) , pig (Hofmann et al. 2003) , cattle (Hofmann et al. 2004 ) and chicken (McGrew et al. 2004) . In our previous studies, we used HIV-1 based lentiviral vectors which contain a self-inactivating (SIN) mutation for the generation of transgenic pigs and cattle (Hofmann et al. 2003 (Hofmann et al. , 2004 . Lentiviruses stably integrate their genome as a provirus into the chromosomes of dividing and non-dividing cells (Naldini et al. 1996) . Oocytes and preimplantation embryos are protected by their zona pellucida (ZP), which is a physical barrier for viral infection. So far two different methods have been applied to overcome this hurdle for lentiviral transduction: (a) denudation of the embryos by acid tyrode treatment and incubation in virus suspension (Pfeifer et al. 2002) and (b) subzonal injection of virus particles into the perivitelline space (Lois et al. 2002) . A potential alternative to these state-of-the-art methods in lentiviral transgenesis is laser-based zona MD and subsequent culture of embryos in virus suspension. Laser-assisted penetration of the ZP is routinely established, e.g. in human assisted reproduction techniques (ART) such as intracytoplasmic sperm injection (ICSI) or assisted hatching (Seif et al. 2005) . The laser technology allows for precise and reproducible creation of a hole of desired size in the ZP without damaging the underlying cytoplasm . This procedure is easy to perform and does not require special skills of the operator.
The present study evaluates the efficacy of laserassisted lentiviral gene transfer in bovine as compared to the subzonal injection technique. Both methods were used for oocytes and zygotes, in order to optimize lentiviral gene transfer with regard to the proportions of embryos surviving and expressing the transgene.
Materials and methods

Virus production
The self-inactivating (SIN) lentiviral vector, which carries the eGFP reporter gene under the control of the human phosphoglycerate kinase (PGK) promoter, was produced as recently described (LV-PGK; Hofmann et al. 2003) . In brief, lentiviral particles were produced by transient transfection of packaging cells. The viral particles were concentrated as previously described (Pfeifer et al. 2002) . Virus titer was measured by FACScan analysis (Becton-Dickinson, New Jersey, USA) of infected HEK293T cells. Virus titer is indicated in infectious units/ml (IU/ml), which represents the biological virus titer.
In vitro production of bovine embryos Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich (Steinheim, Germany) and all procedures were performed at 39°C. All media were equilibrated in the incubator at maximum humidity, 39°C, and 5% CO 2 in air or in 5% CO 2 , 5% O 2 , 90% N 2 for at least 90 min prior use.
Ovaries were collected at a local slaughterhouse and transported to the laboratory at 25°C in phosphatebuffered saline (PBS). Cumulus-oocyte-complexes (COCs) were obtained by aspiration of 3-8 mm follicles. COCs with complete and dense layers of cumulus cells were selected for in vitro maturation and randomly distributed to the different treatment groups. Selected COCs were washed three times in maturation medium MPM (modified Parker medium), supplemented with 10% estrous cow serum (ECS), 0.025 units/ml follicle-stimulating hormone (FSH; Sioux Biochemical, Inc., Sioux Center, USA) and 0.0125 Units/ml luteinizing hormone (LH; Sioux Biochemical, Inc.) at room temperature. Groups of 35-40 oocytes were transferred to 4-well plates (Nunc, Roskilde, Denmark) with 400 ll MPM and maintained for 19-20 h at 39°C in an atmosphere of 5% CO 2 in humidified air.
Before MD or MI, cumulus cells were removed from oocytes by vortexing for 3 min in modified PBS (mPBS; PBS supplemented with 3 mg/ml BSA and 50 lg/ml gentamicin) containing 4 mg/ml hyaluronidase. If oocytes were not completely denuded, remnant cumulus cells were removed by gentle pipetting. Afterwards, the denuded oocytes were washed three times in fresh mPBS (without hyaluronidase). Only oocytes showing a dense, evenly granulated cytoplasm were selected for further treatment.
Matured COCs or treated denuded oocytes were washed three times in fertilization medium Fert Talp (Tyrode albumin lactate pyruvate) supplemented with sodium pyruvate (2.2 mg/ml), heparin sodium salt (2 mg/ml), BSA (6 mg/ml) and transferred to 400-ll droplets of Fert Talp in groups of 35-40. Frozenthawed spermatozoa were subjected to the swim-up procedure for 90 min (Parrish et al. 1986 ). Afterwards, COCs or treated oocytes were co-incubated with spermatozoa (1 · 10 6 cells/ml) in the same medium for 18 h at 39°C in a humidified atmosphere of 5% CO 2 in air. Presumptive zygotes were denuded by vortexing in mPBS supplemented with 4 mg/ml hyaluronidase and washed three times in synthetic oviduct fluid (SOF) medium enriched with 10% ECS, 4% 50· BME (Basal Medium Eagle) and 1% 100· MEM (Minimum Essential Medium). After treatment (MI or MD), zygotes were washed three times in SOF, transferred in 400-ll droplets of culture medium, and maintained for 8 days in an atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 at 39°C and maximum humidity. Sham-treated zygotes (subzonal MI of buffer or MD without incubation in virus suspension), which were cultured under the same conditions, served as controls.
Subzonal virus injection
Concentrated lentivirus (~100 pl, 2.5 · 10 9 IU/ml) was injected into the perivitelline space of oocytes or zygotes through a heat-pulled glass capillary without damaging the plasma membrane as previously described ( Fig. 1A ; Hofmann et al. 2003 Hofmann et al. , 2004 ).
Microdrilling and virus co-incubation MD of denuded oocytes or zygotes (groups of 20-30) was performed in 40-ll droplets of mPBS, covered with mineral oil in a 3.5-cm petri dish (Nunc). Laser beams were generated by a diode laser (wavelength of 1.48 lm) using an Octax Laser Shot TM system mounted on a light microscope (Axiovert 100; Zeiss, Göttingen, Germany). Laser beams of 3 ms were directed tangentially against the ZP three or four times to create an opening larger than 40 lm (Schmoll et al. 2003) . The hole was generated close to the polar body, where the space between oolemma and ZP has the largest diameter (Fig. 1B) .
After MD, oocytes and zygotes were washed three times in Fert Talp and SOF, respectively. For transduction of oocytes and zygotes 0.5 ll of concentrated virus stock (2.5 · 10 9 IU/ml) was added to 20-ll droplets of the respective culture medium (Fert Talp for oocytes, SOF for zygotes), which were covered with mineral oil. After incubation (39°C, 5% CO 2 in humidified air) for 4 h, oocytes and zygotes were washed at least six times in fresh medium to remove remaining virus.
The time schedule for treatment of oocytes and zygotes is outlined in Fig. 1C . The period for MD and virus co-incubation or virus injection was before the fertilization period in the oocyte groups and after fertilization in the zygote groups. Thus, fertilization was started 24-25 h and 19-20 h after onset of oocyte maturation in the oocyte and zygote treatment groups, respectively. The duration of maturation, fertilization and culture was the same for oocyte and zygote treatment groups (Fig. 1) .
Effect of treatment and developmental stage
Expression of eGFP in blastocysts was visualized using an inverted microscope (Axiovert 200; Zeiss) with eGFP specific filter (#13; Zeiss) and documented with a digital camera (Axio Cam; Zeiss). Blastocyst morphology was evaluated on day 8 on bright field images. MI and MD experiments were performed on the same day, by the same operator and with the same batch of oocytes or zygotes.
Determination of polyspermy rate
To assess, if perforation of the ZP enhances polyspermy, pronuclear formation in zygotes was analyzed by orcein staining. MD oocytes were incubated with 10 6 spermatozoa/ml for 18 h or for 4 h, or with 0.5 · 10 6 spermatozoa/ml for 8 h. A control group of denuded oocytes with an intact ZP was incubated with 10 6 spermatozoa/ml for 18 h. Afterwards, presumptive zygotes were immobilized between a slide and a cover slip and fixed for at least 24 h in ethanol/ acetic acid (3:1). After fixation, orcein solution (0.75%) was dropped under the cover slip and pronuclei were counted immediately.
Statistics
Cleavage rates, blastocyst rates and rates of eGFP positive blastocysts were analyzed by the General Linear Models (GLM) procedure using the SAS program version 8.2 (SAS Institute Inc., Cary, NC, USA). The following model was used to estimate effects of treatment (subzonal injection vs. MD) and developmental stage (oocyte vs. zygote):
with: Y ijkl = an observation for cleavage rate, blastocyst rate, expression rate for record ijk; l = expected mean of Y; stage i = fixed effect of stage i, i = 1 (oocyte) and 2 (zygote); treat j = fixed effect of treatment j, j = 1 (MD) and 2 (subzonal injection); virus l = fixed effect of virus application l, l = 1 (sham treatment) and 2 (virus treatment); e ijkl = random error term associated with 
Results
Effects on embryonic development
Early cleavage (P < 0.05) and blastocyst rates (P < 0.01) were significantly affected by the stage (oocyte vs. zygote) at which manipulation was performed (Table 1) . Cleavage rates were higher when zygotes were manipulated (Table 2) . Within both treatment groups (MI or MD), blastocyst rates were higher when virus or sham treatment was performed at the zygote stage (Table 2) . Interestingly, the type of manipulation (MI vs. MD) did not affect cleavage rates, but had a significant effect on blastocyst rates (P < 0.001; Table 1 ). After subzonal injection of virus or buffer, higher blastocyst rates were observed than after MD, both in the oocyte and zygote treatment groups (Table 2) . To clarify if a hole in the ZP per se hampers development of bovine embryos, we performed mechanical slicing of the ZP at the zygote stage, opening about one third of the ZP and thus creating a bigger hole as compared to the MD tech- nique. ZP slicing did not decrease development to blastocyst (26%; 6/23) as compared to non-sliced control zygotes (25%; 4/16). The viral vectors and interactions between the various parameters (treatment · virus; stage · virus) did not influence development of oocytes or zygotes (Table 1) .
Effects on transgene expression
The proportion of eGFP expressing blastocysts was affected by stage (P < 0.05), virus (P < 0.001) and interaction of stage · virus (P < 0.05) ( Table 1) . A higher proportion of eGFP expressing blastocysts was observed when oocytes were infected (Table 2) . Overall efficacy, i.e. the number of eGFP expressing blastocysts per total number of infected oocytes or zygotes, respectively, was influenced by treatment (P < 0.05), virus (P < 0.001) and the interaction of treatment · virus (P < 0.05) ( Table 1) . Injection of lentiviral particles into the perivitelline space of oocytes resulted in the highest proportion of eGFP expressing blastocysts (Table 2) .
Effect of MD of oocytes on polyspermy
Pronuclear formation in zygotes, obtained from microdrilled denuded oocytes, was analyzed by orcein staining. Fertilization rates were 83% (26/31) after incubation with 10 6 spermatozoa/ml for 18 h and 87% (20/23) when 0.5 · 10 6 spermatozoa/ml were added for 8 h. The corresponding polyspermy rates were 38% (10/26) and 40% (8/20), respectively. After further reduction of co-incubation time to 4 h, no fertilization was observed. A control group of zygotes (n = 20) originating from denuded fertilized oocytes with an intact ZP did not show signs of polyspermy.
Discussion
This study evaluated the efficacy of a new route of lentiviral gene transfer: MD of oocytes or zygotes and subsequent incubation in virus suspension. Transduction experiments were performed both in bovine zygotes and oocytes, because a pilot study demon- The table shows F-values and levels of significance (*P < 0.05; **P < 0.01; ***P < 0.001). All possible interactions between stage, treatment and virus were initially included in the model, but were removed from the final model if they had no significant effect The table shows the group size, the means and the standard errors (SEM) of the developmental parameters. Group size results of at least three independent experiments 1 Blastocyst rate is based on the number of cleaved embryos 2 Expression rate is based on the total number of blastocysts 3 Overall efficacy is the proportion of eGFP-positive blastocysts relative to the number of oocytes or zygotes used Within each column, proportions with different superscripts differ significantly (P < 0.05) strated that the use of oocytes resulted in a higher yield of eGFP expressing blastocysts after subzonal injection of the same lentiviral vector (Hofmann et al. 2003) .
In our experiments the removal of cumulus cells was essential to visualize the ZP for micromanipulation. This causes a substantial decrease in sperm penetration rates in zona-intact oocytes (Tanghe et al. 2003) , which may explain the lower rates of development after subzonal virus injection of oocytes as compared to zygotes. Cumulus cells are known to secrete a complex mixture of substances required for fertilization, since a cumulus cell-conditioned medium as well as a cumulus cell monolayer improved fertilization rates of denuded oocytes in comparison to cumulus free fertilization (Tanghe et al. 2003) .
Due to the experimental requirements of our study, the start of fertilization was different between the oocyte and zygote treatment groups: 24-25 h and 19-20 h after onset of oocyte maturation, respectively. Previous studies demonstrated that within a period of 21-24 h after the onset of maturation, the start of fertilization does not influence development to blastocyst (Iwata et al. 2004) . Thus, it is unlikely that delayed fertilization was the reason for lower blastocyst rates in the oocyte treatment groups.
For MD oocytes, the high degree of polyspermy is most likely responsible for the reduced blastocyst rate, because polyploid bovine embryos do not develop to blastocyst (Hyttel et al. 2001) . In mouse, embryonic development was not hampered by a hole in the ZP and polyploidy was observed only occasionally . Instead, fertilization rates of MD mouse oocytes and implantation rates of the resulting embryos were improved . Different hole diameters, which are necessary for complete hatching of blastocysts in mouse (5-10 lm; Germond et al. 1996) and bovine (40 lm; Schmoll et al. 2003) , could be a reason for the high proportion of polyspermy in our study.
The reduced blastocyst rate after MD of bovine oocytes and zygotes as compared to the corresponding subzonal injection groups might be a specific consequence of laser treatment in this species. A hole in the ZP did per se not hamper development of bovine embryos, since mechanical slicing of the ZP at the zygote stage did not decrease development to blastocyst as compared to non-sliced control zygotes. Laser beam is known to cause a disruption of the ZP due to a highly localized photo thermolysis of the protein matrix . Previous studies on MD in mice reported no adverse effects on embryonic development (Germond et al. 1995) . We can currently not explain why development of bovine oocytes and zygotes appears to be negatively affected by laser MD of their ZP.
The rate of eGFP expressing bovine blastocysts was higher when oocytes were infected with the lentiviral vector, irrespective of the route of infection (MI or MD) . This finding is in line with results of a previous study, in which bovine oocytes and zygotes were infected with vectors derived from prototypic retroviruses (Moloney murine leukemia virus) by MI (Chan et al. 1998 ). The authors concluded that germinal vesicle breakdown together with arrest of the oocyte in metaphase II prolongs exposure time of metaphase chromosomes to the virus. In contrast to prototypic retroviruses, lentiviruses are able to pass through the nuclear membrane due to a central DNA flap (Zennou et al. 2000) . Nevertheless, virus integration might be more efficient without this barrier at the oocyte stage.
In our study, we monitored successful lentiviral transduction of oocytes or zygotes by the presence of green fluorescence at the blastocyst stage. We have previously shown that, after lentiviral transduction of oocytes, all resulting eGFP expressing blastocysts, which were transferred to recipients and developed to term, gave rise to transgenic calves exhibiting a stable long-term eGFP expression (Hofmann et al. 2004 ). Thus eGFP expression at the blastocyst stage is a clear indicator of lentiviral integration. In fact, this readout may even underestimate the rate of lentiviral transduction, because-in contrast to prior assumptions-we recently found that a subset of lentiviral integrants may be silenced by DNA hypermethylation (Hofmann et al. 2006) .
In summary, our study demonstrates the feasibility of laser-assisted lentiviral gene transfer into bovine oocytes and zygotes. However, further optimization of the procedure is required, mainly to reduce the incidence of polyspermy after MD of oocytes and to eliminate negative effects on embryonic development as observed in the present study.
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